Abstract-Sustainable urban mobility refers to the broad subject of urban transport that is sustainable in the senses of economic, social, and environmental perspectives by meeting the needs of both current and future generations in an efficient manner. This paper presents a fuzzy-based sustainability assessment approach for the promotion of sustainable urban mobility. It can be used to assist decision makers in assessing mobility alternatives and enabling urban planners to make necessary adjustments of more sustainable urban mobility. In the proposed approach, a hierarchical structure of sustainability indicators was developed as decision criteria for the sustainability assessment. Fuzzy measures based on Gaussian fuzzy numbers associated with 7-point linguistic terms were used to aggregate the indicators into a performance index. A case study concerning the sustainability assessment of alternatives for urban transportation systems was conducted. A modified shared-use vehicle system was further proposed for supporting the implementation of the case study.
I. INTRODUCTION
Automotive industry has risen incredibly to provide mobility for public transportation, logistics, and personal demands since the early 20th century, and massive road infrastructures and motorized vehicles have transformed the scenery in cities around the world. In the meanwhile, the dominant dependency of urban mobility has increased the burden on the society and environment, including growing traffic congestion, air quality degradation, and increased energy consumption. Cities around the world are facing the challenge of reducing greenhouse gas emissions and promoting urban sustainability. Urban sustainable development can be expressed as achieving a balance between the development of the urban areas and protection of the environment with a perspective to equity in income, employment, shelter, basic services, social infrastructure and transportation in the urban areas [1] . Although many countries have established vehicle emission standards and regulations, greenhouse gas emissions stemming from urban transportation are still often above the levels that can be compensated in terms of social and environmental sustainability [2] . The idea of sustainability originates in the environmental movement that started drawing attention in the 1960s when urgent problems such as water and air pollution were surfacing in an increasing number of crowded urban areas. The term "sustainability" encompasses a holistic consideration of economic, social, and environmental progress with a longterm perspective in both a present (intra-generational) and future (inter-generational) context [3] . Sustainable mobility is a crucial issue, particularly in urban areas, making mobility more sustainable through translating into transport systems that are more accessible, efficient, safer, and climate responsive. According to the World Business Council for Sustainable Development [4] , there are 7 goals proposed to improve the prospects for sustainable mobility: (1) reducing conventional emissions from transport so that they do not constitute a significant public health concern anywhere in the world, (2) limiting greenhouse gas emissions from transport to sustainable levels, (3) reducing significantly the number of transport-related deaths and injuries worldwide, (4) reducing transport-related noise, (5) mitigating traffic congestion, (6) narrowing "mobility divides" that exist within all countries and between the richest and poorest countries, and (7) improving mobility opportunities for the general population in developed and developing societies. Sustainability requires setting targets and then measuring the distance to a target to get the appropriate information on the current state or trend [5] . Sustainability indicators refer to a policy-relevant variable defined in such a way as to be measurable over time and space [6] . They are not only useful for measuring progress but also for discovering problems, setting sustainable development goals, and identifying suitable management strategies [7] [8] . Various indicators have been selectively grouped as indicator sets or aggregated as indices to provide assessment frameworks to comprehensively cover different aspects of environmental sustainability [9] . For example, Shane and Graedel determined 10 categories of urban environmental sustainability for the essential components of cities and a representative indicator for each category to evaluate the sustainability levels of cities [10] . Lima, da Silva Lima, and da Silva conducted a study that aims at the adjustment and application of a strategy to assess and select alternatives for improving the mobility conditions of a city by using the Index of Sustainable Urban Mobility (I_SUM) [11] . Moreover, Yigitcanlar and Dur introduced a sustainability assessment model used as an advanced geographic information system and an indicator-based comparative urban sustainability indexing model to assist planners and policy makers in sustainable urban planning and development [12] . Cavalcanti, Limont, Dziedzic, and Fernandes developed a methodology to assess the sustainability of urban mobility projects through an Urban Mobility Project Sustainability Index (UMPSI) associated with 17 sustainability indicators. Sustainability strategies inevitably require assessments of multi-factor multi-level decision-making [13] . During the last few decades, sustainability assessment has developed to be a structured procedure encompassing different field-specific analytical methods and models for specific applications and decision contexts [14] .
Multi-criteria decision making (MCDM) techniques are commonly used to assess different kinds of sustainability indicators, and there are numerous MCDM methods based on different theoretical foundations, such as optimization, goal aspiration, outranking, or a combination of these. Ilgin, Gupta, and Battaïa presented a comprehensive review of the state of the art literature on the use of multi-criteria decision making techniques (MCDM) in the field of environmentally conscious manufacturing and product recovery [15] . They concluded that multi-criteria analysis is more popular than multi-objective optimization in this field, particularly the analytic hierarchy process (AHP)/analytical network process (ANP) and the technique for order preferences by similarity to ideal solutions (TOPSIS). It is suggested that linear aggregation models have problems of synergy or conflict among the different sustainability indicators and, therefore, non-compensatory MCDA approaches such as ELECTRE, PROMETHEE, and NAIDE are more appropriate [16] . In addition to conventional MCDM methods, fuzzy set theory has been recognized as a powerful technique to model systems that are difficult to define certainly and precisely. In recent years, fuzzy techniques have been frequently integrated into both the multicriteria analysis and multi-objective optimization methods for dealing with sustainability-related issues. Pavláková Docekalová, Doubravský, Dohnal, and Kocmanová indicated that corporate sustainability performance is usually highly nonlinear, vague, partially inconsistent and multidimensional, and thus the resulting models are often oversimplified [17] . They conducted evaluations of corporate sustainability indicators based on fuzzy similarity graphs. Egilmez, Gumus, and Kucukvar used expert-based fuzzy MCDA to assess the environmental sustainability of 27 U.S. and Canada cities [18] , while Phillis, Kouikoglou, and Verdugo proposed a SAFE (sustainability assessment by fuzzy evaluation) model to evaluate the sustainability of cities [16] . Moreover, Pask, Lake, Yang, Tokos, and Sadhukhan developed a hybrid multicriteria approach using Fuzzy set theory and Monte Carlo simulation to evaluate the sustainability of alternative improvement options [19] .
Sustainable urban mobility is a system that incorporates economic viability, environmental stability, and social equity by meeting the needs of transport and land use of both current and future generations in an efficient manner [20] . Improving urban sustainable mobility is a fundamental step to promote the global urban environment quality, also acting as an incentive for the social progress and economic growth. The development of guidance on sustainable urban mobility plans has raised considerable interest in recent years [21] . According to European Commission [22] , sustainable urban mobility plans aim to create an urban transport system by addressing at least the following objectives: (1) ensuring all citizens who enjoy transport options that enable access to key destinations and services; (2) improving safety and security; (3) reducing air and noise pollution, greenhouse gas emissions, and energy consumption; (4) improving the efficiency and costeffectiveness of the transportation of persons and goods; and, (5) contributing to enhancing the attractiveness and quality of the urban environment and urban design for the benefits of citizens, the economy and society as a whole. To transform urban mobility effectively, it is necessary to conduct the assessments that are the result of a joint action between the different transport sectors, policy makers and relevant authorities at all levels. Within this context, this paper presents a fuzzy-based sustainability assessment approach for the promotion of sustainable urban mobility. This approach can be used to assist urban planners in assessing mobility alternatives and thus leading to more sustainable urban mobility.
II. METHODS

A. Sustainability indicator
Sustainability indicators effectively characterize various states of observed systems for decision makers to target and monitor environmental performance [23] . In practice, indicator sets and indices combining various sustainability dimensions or areas help decision makers to measure sustainability efforts on a much larger scale in comparison to the use of individual indicators [24] . They can be used to conduct an unbiased evaluation of sustainability performance to easily identify deficit areas requiring further improvement in urban mobility. Different practices use different indicators according to their particular needs, and these have been selected under different methods. However, while there are cases where urban sustainability indicators are effectively in use, the experiences gained from each practice have not been shared and used for the development of new urban development plans and for improving the decision-making process in the selection of indicators [25] . Responding to the necessity of sustainability assessment from a holistic view, sustainability indicators that cover multifaceted dimensions from economic, social, and environmental perspectives are defined as follows.
Economic indicator: The transport system should minimize infrastructure costs, reduce transport costs for access and mobility, and ensure long-term viability of the transport system.
Social indicator: The transport system can maintain human health and safety, meet the travel needs of the population, and enhance the attractiveness and quality of the urban landscape.
Environmental indicator: The transport system can reduce air and noise pollution, greenhouse gas emissions, and energy consumption.
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These sustainability indicators provide solid bases for decision-making at all levels and contribute to a sustainable urban mobility of integrating economic viability, environmental stability, and social equity. They are expressed in a hierarchical structure to indicate the level of the criteria for measurement as shown in Figure 1 . Fig. 1 . A hierarchical structure of sustainability indicators for assessing sustainable urban mobility
B. Aggregation operation with fuzzy numbers
In order to aggregate the indicators into a performance index (PI), fuzzy measures based on Gaussian fuzzy numbers associated with the linguistic terms are used in this study. Fuzzy measures are typically monotonic set functions used to model either uncertainty or the strength of coalition of criteria in multi-criteria decision-making [26] [27] [28] . Let be a discrete fuzzy set (for the sustainability assessment) and be the subset of (the sustainability indicators) that contains a finite number of elements (the corresponding criteria). The aggregation, defined as the integration of a function (the data of elements to be aggregated) with respect to a fuzzy measure, can be formularized as 
Fuzzy variables
and are fuzzy numbers. In this study, assessment was based on 7-point linguistic scales described by the continuous Gaussian membership functions (GMFs) (( , where is the center (i.e., mean), is the width (i.e., standard deviation), and 2σ2=0.01) shown in Figure 2 . GMFs can be regarded as a normallydistributed ordered set of rating scales and are suitable for problems requiring continuously differentiable curves to capture the vagueness of rating responses. As the GMF is symmetric around its center value , the fuzzy numbers are represented with interval notations (i. 833, 1] ). The aggregation with continuous α-cuts is a combination of extended algebraic operations based on interval arithmetic operations (addition, subtraction, multiplication, and division) and requires that every fuzzy number is represented by a continuous membership function and can be completely defined by its family of α-cuts [29] [30] [31] . For and , the four arithmetic operations can be expressed as The result of the arithmetic operations is a crisp set (interval) that represents the α-cut of the fuzzy set obtained by operating on fuzzy numbers and . Through the aggregation operations, the family of α-cuts defined as the resultant membership function of the measured subset/indicator can be presented as a convex and normalized fuzzy set, , which is also classified as a fuzzy number. Taking advantage of the center-of-gravity (COG) defuzzification method shown in Eq. (2), the quantitative value of the measured subset/indicator, , can be derived. These defuzzified fuzzy numbers must be mapped into (0,1) intervals (i.e., ) in order to obtain a set of quantitative values representing the derived membership grades, , for the fuzzy measure operations. An example of the linguistic aggregation and defuzzification result is also shown in Figure 2 . (2) where represents the resultant fuzzy number of the measured subset/indicator i; and, and are the respective lower and upper limits of the support of the fuzzy number.
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C. Performance index
An σ-algebra over a set is an algebra closed under countable unions. Let be a non-empty set and a σ-algebra defined on . A fuzzy measure defined on the measurable space is a set function which verifies the following axioms: (1) ; and (2) [32] . Based on the σ-additive set function, the performance index (PI) is defined as the fuzzy measure of , which can be expressed as (3) where is the membership grade value, indicating the degree of evidence or belief that subset/indicator belongs to in .
By substituting the corresponding membership grade values into Eq. (3), the performance indexes (PIs) of the measured alternatives can be derived; the higher the PI value, the more desirable the evaluated alternative is.
III. RESULTS
Transport systems exist to provide social and economic connections, and people quickly take up the opportunities offered by increased mobility [33] . However, the advantages of increased mobility need to be weighed against the environmental, social, and economic costs that transport systems pose. Sustainable transport systems make a positive contribution to the environmental, social, and economic sustainability of the communities they serve. This section presents a case study to demonstrate the applicability of the proposed approach. The case study focuses on the sustainability assessment of alternatives for urban transportation systems.
A. Description of the target city
Kaohsiung City sits on the southwestern coast of Taiwan facing the Taiwan Strait, which is the largest harbor city in Taiwan covering an area of 2,952 square kilometers with a population of approximately 2.77 million. In addition to the harbor and the international airport, Kaohsiung City is the southern terminal of the Freeway 1 and is served by the Taiwan Railways Administration (TRA) stations of TRA Western Line and Pingtung Line. The Taiwan High Speed Rail also provides fast and frequent railway connection to Taipei-the capital city of Taiwan.
Over the last decade, Kaohsiung has shifted strategically from a petrochemical and heavy industry city with high levels of industrial pollution into a city promoting an environmentally friendly lifestyle. To further improve urban transport and air pollution problems, the Kaohsiung Mass Rapid Transit (Kaohsiung MRT) was launched for revenue service in early 2008. The construction of Circular Light Rail Line (Kaohsiung LRT) also began in 2013, and is scheduled to be in full operation by mid-2017 (see Figure 3) . Phase II construction of Kaohsiung LRT will start after the Kaohsiung urban railway is relocated underground in 2017. It is scheduled to be completed in 2019. In the near future, Kaohsiung intends to become an eco-friendly city whose ultimate goal is to reduce carbon waste, produce energy entirely through renewable resources, and merge the city harmoniously with the natural environment. 
B. Alternatives
Public transportation is a shared passenger-transport service which is available for use by the general public and provides personal mobility. Urban public transport modes can be divided into five groups, namely paratransit, bus, light rail transit (LRT), suburban rail, and rapid rail transit (RRT). In recent years, shared-use vehicle systems have generated increased interest and enthusiasm as an innovative mobility solution in urban areas. The basic premise of shared-use vehicles is to move away from individual vehicle ownership exclusively; instead, a fleet of vehicles can be shared throughout the day by different users to provide an additional mobility option [34] . In this study, three shared-use vehicle systems (bike sharing system, electric bike sharing system, and electric car sharing system) were selected as alternatives for the sustainability assessment as listed in Table 1 . 
C. Sustainability assessment for the selected alternatives
According to the sustainability indicators shown in Figure 1 , the evaluators evaluated the alternatives and determined the weights of the criteria. The evaluation grades are a 7-point linguistic scale, ranging from VH (very high agreement/importance) to VL (very low agreement/importance). The ratings and weights were derived as the two sets shown in Table 2 , where and are linguistic variables as defined above. 
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By substituting the corresponding fuzzy numbers of the rating and weight variables into Eq. (1) to perform the aggregation operations, the resultant membership functions and their corresponding defuzzified fuzzy numbers were derived. Then, the quantitative values of the membership grades,
, and the performance index PI corresponding to each alternative were obtained as shown in Table 3 . According to the sustainability assessment results, the best shared-use vehicle system for sustainable urban mobility is Alternative 1 and the worst is Alternative 3. Bike-sharing is a model of cost-effectiveness both for users and cities. Using bike share to commute is cheaper than public transit for system members. At present, the bicycle is one of the most common transport modes which provides affordable access for short-distance trips in an urban area. If cycling facilities are provided at the right places and designed in an appropriate manner for each type of city, people will more likely decide to use them on daily bases [35] [36] [37] [38] . In fact, Kaohsiung is the most bike-friendly city in Taiwan and it has a growing network of bike lanes that currently adds up to 150 kilometers.
D. A modified shared-use vehicle system
To improve sustainable urban mobility, we proposed a modified bike-sharing system named "Power Bike", which is a service network of bicycle rental kiosks for Kaohsiung City. The Power Bike is an excellent way to get around the Kaohsiung City, complementing the MRT, LRT, and public bus systems and giving users the option of conveniently renting a bicycle to explore the city. As shown in Figure 4 , each bike provides an in-vehicle GPS receiver for riders to pinpoint their speed and position on the map and to follow a route to reach their destination. Moreover, it is also equipped with a bicycle dynamo system to generate electricity for its LED lighting and GPS receiver. The residual electricity can be recharged back into the stand for the rental station use when replacing the bike in any stations, by which the rider can be rewarded with feedback money through his/her prepaid member card (iPASS). The features of the modified bikesharing system are as follows: Fig. 4 . Features of the modified bike-sharing system-"Power Bike"
1. The kiosk for displaying information such as instructions, charges, membership, and other details of the rental station.
2. Using the registered contactless smartcard (iPASS) to unlock and remove the bike.
3. Equipped with a bicycle dynamo system to generate electricity for the GPS receiver.
4. Recharging back the residual electricity into the stand when replacing the bike.
5. Rewarded with feedback money through the iPASS after returning the bike to the rental station.
IV. CONCLUDING REMARK
For the past several decades, transport and mobility have been a crucial part of our economy and our society while conducting a vital role for both the internal market and the quality of life of citizens. However, the dominant dependency of urban mobility has dramatically increased the burden on the society and environment. In recent years, the idea of sustainable urban mobility has raised considerable interest in which the promotion of sustainable urban mobility is a determinant factor in a sustainable urban development. In order to make significant improvements and decisions, it is necessary to operate a flexible and sufficient sustainability assessment for prompting urban mobility.
Fuzzy techniques have been frequently integrated into multi-criteria decision analysis and multi-objective optimization methods for dealing with sustainability-related issues. This paper presents a fuzzy-based sustainability assessment approach for the promotion of sustainable urban mobility. In the approach, a hierarchical structure of sustainability indicators was proposed, which provides solid bases for decision-making at all levels of integrating economic viability, environmental stability, and social equity. Fuzzy measures based on Gaussian fuzzy numbers associated with 7-point linguistic terms were used to aggregate the indicators into a performance index. To demonstrate the applicability of the proposed approach, a case study concerning the sustainability assessment of alternatives for urban transport systems was conducted. A modified bike-sharing system named "Power Bike" was further proposed, which is a service network of bicycle rental kiosks for Kaohsiung City.
